In this paper, we investigate the first and second order cosmological perturbations in the light mass Galileon (LMG) scenario. LMG action includes cubic Galileon term along with the standard kinetic term and a potential which is added phenomenologically to achieve late time acceleration. The scalar field is nonminimally coupled to matter in the Einstein frame. Integral solutions of growing and decaying modes are obtained. The effect of the conformal coupling constant (β), at the perturbation level, has been studied. In this regard, we have studied linear power spectrum and bispectrum. Though different values of β has different effects on power spectrum on reduced bispectrum the effect is not significant. It has been found that the redshift-space distortions (RSD) data can be very useful to constrain β. In this study we consider potentials which can lead to tracker behavior of the scalar field.
In this paper, we investigate the first and second order cosmological perturbations in the light mass Galileon (LMG) scenario. LMG action includes cubic Galileon term along with the standard kinetic term and a potential which is added phenomenologically to achieve late time acceleration. The scalar field is nonminimally coupled to matter in the Einstein frame. Integral solutions of growing and decaying modes are obtained. The effect of the conformal coupling constant (β), at the perturbation level, has been studied. In this regard, we have studied linear power spectrum and bispectrum. Though different values of β has different effects on power spectrum on reduced bispectrum the effect is not significant. It has been found that the redshift-space distortions (RSD) data can be very useful to constrain β. In this study we consider potentials which can lead to tracker behavior of the scalar field. 
I. INTRODUCTION
Recent cosmological observations [1] [2] [3] unveil that our present Universe is expanding with an acceleration which is known as late time acceleration. At present, there is no proper theoretical explanation of it but one can have negative pressure, responsible for late time acceleration, from some exotic fluid known as dark energy [4] [5] [6] [7] . Cosmological constant (Λ) is the simplest candidate of dark energy and also consistent with all the cosmological observations. However, it is plagued with the fine tuning problem and cosmic coincidence problem. While the first problem is due to the small measured value compared to the theoretical value, the later problem asks the question why dark energy has become important only now? Scalar fields can also behave like dark energy, known as quintessence field [8] [9] [10] , with variable equation of state but mimicking cosmological constant during late time. Though this can not solve the fine tuning problem it can solve the cosmic coincidence problem for some specific scenarios known as tracker models [11, 12] . In this scenario the scalar field energy density tracks the background energy density in the past and takes over matter during the recent past. The late time solution is an attractor solution for a wide range of initial condition. There are another class of models known as thawing models [13, 14] in which the scalar field behaves as a cosmological constant in the past and starts evolving from recent past. Late time acceleration is transient in this scenario.
It is also possible to explain late time acceleration without invoking any exotic component but modifying gravity known as modified theories of gravity (MOG) [15] [16] [17] [18] [19] [20] [21] [22] [23] . MOG generally possess an extra degree of freedom which can have effect in local physics. But local physics is extremely constraint from observation and well explained * wali.hossain@apctp.org by Einstein's general theory of relativity. So one need to hide this extra degree of freedom to make the theory consistent for short distances too. One of the hiding or screening mechanisms is chameleon mechanism [24, 25] . It works for scalar fields which are nonminimally coupled to matter in Einstein frame and their effective mass depends on the local density. This mechanism can be implemented in many MOG like scalartensor theories [15] and F (R) theories [23] . Similar to chameleon mechanism symmetron mechanism [26] also works for massive scalar fields but in symmetron mechanism, instead of the effective mass of the scalar field, the vacuum expectation value (VEV) of the scalar field depends on the local density. While the chameleon and symmetron mechanisms work for massive scalar fields for massless scalar fields the screening mechanism is known as Vainshtein mechanism [27] proposed by A.I. Vainshtein in 1972 to circumvent the van Dam-VeltmanZakharov (vDVZ) discontinuity problem [28, 29] in the linear theory massive gravity proposed by Pauli and Fierz in 1939 [30] . Later this mechanism is implemented in many MOG e.g., Dvali-Gabadadze-Porrati (DGP) theory [18] , de Rham-Gabadadze-Tolley (dRGT) nonlinear massive gravity theory [21] and Galileon theories [19] .
Galileon is a scalar field appears in the decoupling limit of DGP action [31, 32] . In Minkowskian background the Galileon action respects the shift symmetry φ → φ+b µ x µ +c, where b µ and c are constants. The shift symmetry makes the equation of motion of the Galileon field second order [19] and free from Ostrogradsky ghosts [33] though the action contains higher derivative terms. Covariant form of the Galileon action was obtained in Ref. [34] and it was shown that the equation of motion is still second order but the Galileon field is nonminimally coupled to curvature. Galileon theory can be a good alternative to dark energy which can produce late time acceleration [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] . Inflationary scenario, in the Galileon theory, has also been studied [48] [49] [50] [51] [52] .
The decoupling limit of DGP action gives rise to cubic Galileon action of the form (∂ µ φ) 2 φ [31, 32] . This term has some beautiful properties. On one hand, because of the shift symmetry, mentioned earlier, it gives second order equation of motion and on the other hand its nonlinear term is responsible for the Vainshtein effect which preserves the local physics by screening the Galileon field locally within a radius known as Vainshtein radius [19] . Apart from this cubic Galileon term the Galileon Lagrangian has a linear term in φ, standard kinetic term and two other higher derivative terms [19, 34] . Galileon action can be realized as a particular form of Horndeski action [53] , the most general scalar tensor theory. It is shown in Ref. [39] that cubic Galileon theory (without linear potential term) can not give stable late time de Sitter solution without invoking at least one more higher derivative term. In order to get viable cosmology with the simplest Galileon correction i.e., the cubic Galileon term, in Refs. [54, 55] a potential term has been considered phenomenologically which breaks the shift symmetry of the action but gives late time acceleration [54, 55] . The nonlinear cubic Galileon term is still responsible for the Vainshtein mechanism [54] . Because of the potential and the requirements of late time cosmology the Galileon field will have a tiny mass and is dubbed as light mass Galileon. Background cosmology in LMG was studied for several potentials in Refs. [54, 55] . Though the MOG can reproduce similar background evolution as ΛCDM it can leave some distinguished features at the perturbation level. In this paper we are interested to carry out first order and second order cosmological perturbations in LMG. At the linear level of perturbation we shall study the linear growth and the power spectrum. We shall calculate the integral solutions of the growing and decaying modes by following the method depicted in Ref. [56] (for other works on cosmological perturbation and structure formation in MOG see Refs. [57] [58] [59] [60] [61] [62] [63] [64] [65] [66] ). In this work we generalize some results obtained in Ref. [56] for nonminimal case with any potential. We would also compare the model with the redshift-space distortions (RSD) data [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] [77] [78] [79] [80] [81] [82] . RSD data can be very useful for constraining MOG [83] [84] [85] [86] [87] [88] [89] . At the level of second order perturbation we shall study the matter bispectrum in LMG. Though observations on cosmic microwave background [90] indicate that there is no non-Gaussianity in the primordial fluctuations non-Gaussianity can be generated during late time matter fluctuations even though the initial fluctuations are Gaussian. This is because of the nonlinearities in the fluid equations. Linear theory of matter perturbation breaks for k > 0.1hMpc −1 and nonlinear effects become important (for review on nonlinear cosmological perturbation see Ref. [91] ). First higher order statistical quantity to measure nonlinear effects is the bispectrum. In this paper we are interested to see the evolution of the late time non-Gaussianity or matter bispectrum in LMG.
The structure of this paper is as follows. In Sec. II we describe the LMG scenario and in Sec. III we study the background dynamics. In Sec. IV we study cosmological perturbation. The analysis of linear and second order perturbation are shown in SubSecs. IV A and IV B respectively. The results in terms of power spectrum and reduced bispectrum are given in the Sec. V. The comparison of the scenario under consideration with the RSD data is also shown in the same section. Finally we summarize our results in Sec. VI.
II. LIGHT MASS GALILEON
We shall consider the following action in the Einstein frame [54, 55] 
where M Pl = 1/ √ 8πG is the reduced Planck mass, M is an energy scale, α is a dimensionless constant and V is the potential for the field. ϑ(φ) is the conformal factor which relates the Jordan frame metric (g
µν ) with the Einstein frame metric (g µν ) through the relation g
For equivalence of this two frames, see Refs. [92] [93] [94] . Presence of the nonminimal coupling modifies the continuity equations of the different component of the Universe such a way so that the total energy density is still conserved. Action (1) corresponds to the coupled quintessence [95] with a Galileon like correction (∇φ) 2 φ. Variation of the action (1) with respect to (w.r.t.) the metric g µν gives Einstein equation
where
and variation w.r.t. the scalar field φ gives the equation of motion of the LMG
where ′ denotes the derivative w.r.t. φ and
is the conformal coupling. Though we have started with a general form of β, later, for simplicity, we shall consider constant β for which the conformal factor is exponential. Subscripts m, r and φ in Eq. (2) and for the rest of the paper represent matter, radiation and the scalar field respectively. ,
and
where µ 1 , µ 2 , ζ and m are constants. V 0 fixes the energy scale of dark energy. These two potentials can give rise to tracker dynamics with late time acceleration. In potential (17) the change of slope is responsible for the slow roll of the scalar field during late time when µ 1 and µ 2 have same sign. If there is a relative sign between these two parameters then the late time dynamics of the scalar field may be oscillatory. For potential (18) late time dynamics is always oscillatory as long as m > 0. Late time acceleration can be achieved for small (< 1) values of m.
Smaller the value of m makes the dynamics closer to the de Sitter solution. In the LMG scenario, potentials (17) and (18) have been studied in Ref. [54] . In this work, for numerical purpose, we shall consider the potential (17).
In Fig. 1 we show the background evolution in LMG. The upper figure of Fig. 1 represents the evolution of the energy densities of different components of the Universe. It shows the tracker behavior of the scalar field. The scalar field tracks the background until recent past before it takes over matter and starts dominating. The Universe evolves through radiation and matter domination to scalar field domination giving rise to late time acceleration. The lower figure of Fig. 1 shows the evolution of the effective EoS (10) and the scalar field EoS (13). We can see that the scalar field EoS is close to −1 during recent time. The evolution of the whole Universe is represented by the effective EoS.
IV. COSMOLOGICAL PERTURBATION
In this section we shall discuss the linear and second order cosmological perturbations in LMG. We consider the following metric in the Newtonian gauge
where Φ and Ψ are the scalar perturbations of the metric and are same as the gauge invariant Bardeen's potentials in this gauge [98] . In this work, our aim is to calculate up to second order perturbation and we shall do order by order perturbation calculations. For this purpose one needs to expand any perturbation in series as shown below 
where the subscripts 1, 2, 3 etc. represent the order of perturbation. To see the matter bispectrum we shall consider up to second order perturbation. The fluid four velocity u µ satisfies the relation u µ u µ = −1, which gives us the components of the velocity perturbation δu µ (up to second order)
where υ i is the spatial three velocity of the fluid. In the following subsections we discuss linear and second order cosmological perturbations in LMG. First we perform the linear perturbation theory and calculate the integral solutions for the growing and decaying modes.
Then using those solutions and doing second order perturbation we calculate the matter bispectrum.
A. Linear perturbation
Linear perturbation in the energy momentum tensor of the LMG field gives
where δT (φ) 's are the different perturbed components of the energy momentum tensor of the LMG and δφ is the perturbation in the field φ.
Let us introduce the density contrast δ which is defined as
δ can also be expanded as δ = δ 1 + (1/2)δ 2 + . . . . From now on, a bar above ρ's and p's denotes the corresponding unperturbed quantities. The perturbed equation of motion of the field is given by
From the off diagonal part of the ij components of the perturbed Einstein's tensor (see Appendix A) and the energy momentum tensor we can have
So at the linear level, in the scenario under consideration, there is no gravitational slip. From the continuity equation and at the linear level we obtaiṅ
Here we have introduced the velocity potential υ which is defined as υ i = −∂ i υ and υ = υ 1 + (1/2)υ 2 (for linear perturbation υ 2 = 0).
In subhorizon (k 2 ≫ H 2 ) and quasistatic (|φ| H|φ| ≪ k 2 |φ|) approximations, from Eqs. (30) and (31) we get [54] (perturbed quantities in subhorizon and quasistatic approximations for linear perturbation are given in Appendix A)
Eq. (32) defers from the standard form (for ΛCDM) of the evolution equation for the density contrast in the second and third terms of the left hand side and can be regained by putting β(φ) = α = 0. Modification of gravity is encoded in the effective Newton's constant G eff . Here one should note that the modification of gravity can also be seen in the evolution of the Hubble parameter and that can give a different growth history of cosmological perturbation even if the the Newton's constant is not modified. The solution of Eq. (32) can be written as the linear superposition of two independent solutions (36) where c + and c − are the constants, D + and D − are the growing and decaying modes respectively and δ 1 ( k, 0) is the primordial density fluctuation.
In Fig. 2 we have shown the evolution of the growing mode (D + (z)) by solving Eq. (32) numerically. Both the figures are normalized to Einstein-de Sitter (E-dS) Universe but at different times. While the upper figure of Fig. 2 is normalized at present the lower figure of Fig. 2 is normalized in the past. We can see that while we change the normalization the relative positions of different curves for different β change. This same change we can also observe in the power spectrum for two different normalizations. Next we shall find out the integral solutions for the growing and decaying modes for the scenario (1).
Growing and decaying modes: Integral solutions
To calculate the growing and decaying modes we need to specify the form of β(φ) and for simplicity, in this work, we consider a constant β(φ) i.e., β(φ) = constant = β. Now let us consider the following transformationã
which rewrites Eq. (32) as
Eq. (38) has the same form as the standard evolution equation of the density contrast with the new scale factor (ã), Hubble parameter (H) and effective Newton's constant (G eff ).
To solve the Eq. (38) we shall follow the procedure depicted in Ref. [56] . Usingã as a new time variable Eq. (38) can be written as
Solution of the Eq. (41) is given in the Appendix B. The growing mode, D + (ã), can be related to D 1 (ã) (Eq. (B12)) and decaying mode, D − (ã), can be related to the combination of D 1 (ã) and D 2 (ã) (Eq. (B12) and (B13)) and are given by
where γ(ã) and A(φ) are defined in the Eqs. (B11) and (B17) respectively. 
B. Second order perturbation
In this subsection we proceed to the second order perturbation which allows us to analyze the scenario in a mildly nonlinear regime. In second order perturbation we get two kind of terms, one is linear in the second order perturbations (e.g., Ψ 2 , Φ 2 etc.) and the second one is quadratic terms of the linear perturbations (e.g., Ψ Second order perturbation of the matter continuity equation giveṡ
The evolution equation of the second order density contrast has the following form
where S δ contains the terms quadratic in the first order perturbations and given by
S G00 , S Gii (= S Gij with i = j), S T00 , S Tii (= S Tij with i = j) and S eom are defined in the Eq. (C4), (C6), (C11), (C15) and (C17) in the Appendix C where the second order perturbation terms are written along with the subhorizon approximation. Fourier transform of the source term (50) giveŝ
where δ (3) (. . . ) is the three dimensional Dirac delta function and K(τ, k 1 , k 2 ) is the symmetrized kernel. To calculate the expression of K(τ, k 1 , k 2 ) we shall consider constant β. Now using the results of linear perturbation in subhorizon approximation the symmetrized kernel K(τ, k 1 , k 2 ) is given by
The functions Ξ, r and s relate first, second and third derivatives of δ 1 with δ 1 respectively. Similarly the func-tions F , G and J relate Φ 1 ,Φ 1 andΦ 1 (or Ψ 1 and its derivatives) with δ 1 respectively and functions W , N and L relate δφ 1 ,δφ 1 andδ φ 1 with δ 1 . Explicit form of the above mentioned functions are given below
r =Ξ + Ξ 2 , (55) s =ṙ + rΞ .
(56)
J =Ġ + ΞG .
Homogeneous part of the inhomogeneous linear second order differential equation (ILDE) (49) (49) can be written by calculating the Wronskian and is given by
where δ 2 ( k) is the initial second order matter perturbation and W r is the Wronskian which is given by
So the density contrast is given by
In the limit of β = 0, Ω m = 1 and Ω φ = 0 the kernel F 2 reduces to the standard form of F 2 in the E-dS Universe [91] . Here we should mention that in the subhorizon approximation the first three curly bracketed terms of Eq. (53) dominate over the other terms.
V. POWER SPECTRUM AND BISPECTRUM
Power spectrum is the Fourier transform of the two point correlation function. It is one the important statistical quantities to describe the matter perturbation. The matter power spectrum P(τ, k) is defined as
where . . . represents the ensemble average. Dependence of P(τ, k) only on the values of k and not on the vector k is a consequence of the assumption of statistical homogeneity and isotropy of the initial fluctuations. Considering the growing mode solution of Eq. (32) the power spectrum can be written as [99, 100] 
where A H is a normalization factor which can be fixed folowing the procedure discussed below and n s is the spectral index of scalar perturbation during inflation. D + (ã) is given in the Eq. (43) and T (k) is the transfer function [101] which relates the primordial curvature perturbation with the comoving matter perturbation. We use the Eisenstein-Hu fitting formula for the transfer function [101] . Power spectrum defined in Eq. (69) has a dimension. One can also define the dimensionless power spectrum
The rms amplitude of mass fluctuations σ is given by
where W win (kR) is the window function of size R with which we define a smoothed density field
Since the above relation is a convolution the Fourier transform of the smoothed density field is a product of δ( k) and W win (kR). We choose spherical top-hat window function which is given by W win (kR) = 3 (kR) 3 sin(kR) − kR cos(kR) , (73) The smoothing scale at which σ R ∼ 1 represents the scale at which the linear perturbation theory breaks and nonlinear effects become important. In this regard R = 8 h −1 Mpc is a relevant scale and from Planck 2015 results we have, at present (z = 0), σ 8 = 0.8159 ± 0086 [3] . Using this best fit value of σ 8 we fix the normalization factor A H of the power spectrum (69) . The evolution of σ 8 (z) can be represented by the growth function D + (z) as follows
To fix the normalization we fix the value of σ 8 (z), calculated in the scenario under consideration, same as in the ΛCDM model at high redshift using the above equation and the fact that σ 8 (z = 0) = 0.8159 for ΛCDM case.
In Fig. 4 the nature of the power spectrum has been shown at redshifts 0 and 1 for different values of β. Since we have normalized the σ 8 at high redshift the nature of the power spectrum at z = 0 changes for different β unlike the case where the normalization is fixed at z = 0. In Fig. 4 we can see that the power spectrum gets enhanced as the values of β increase. We can also define growth factor f as
The product of the growth factor and σ 8 (z) i.e., f σ 8 (z) is a observationally measurable quantity. Fig. 5 compares the numerical evolution of f σ 8 (z) with observational data of f σ 8 (z) for different values of β and it seems that the larger values of β can be excluded from these data. Another important statistical quantity is matter bispectrum which is related to the three point function through a Fourier transformation. This is also important for the mildly nonlinear evolution of the density fluctuations and non-Gaussianity. Matter bispectrum is given by the relation
It is more convenient to use the reduced bispectrum Q defined as
because it is scale and time independent to lowest order in nonlinear perturbation theory. Fig. 6 shows the the nature of reduced bispectrum at z = 0 and compares with that of the ΛCDM case. We can see that there is not much difference between different curves of the reduced bispectrum. So the effect of the conformal coupling β on the reduced bispectrum is insignificant.
VI. SUMMARY AND CONCLUSION
In this work we studied the LMG scenario [54, 55] at both background and perturbation level. LMG has cubic Galileon action with potential. Potential is added phenomenologically and responsible for the late time acceleration in this scenario. In the current study we have considered potentials which can lead to tracker behavior of the scalar field. In this regard we considered potentials (17) and (18) . These potentials can lead to similar dynamics and we considered the potential (17) for the numerical purpose. At the perturbation level we have studied up to second order perturbation. The linear perturbation of LMG in subhorizon approximation was studied in Ref. [54] . In this work we have calculated the integral solution of the growing and decaying modes in subhorizon approximation by generalizing some results of Ref. [56] for conformal coupling and any potential. Here we have considered exponential form of the conformal factor with conformal coupling constant β and have studied the effect of β at the perturbation level. It is found that a simple transformation (37) reduces the modified evolution equation of the density contrast (32) to the standard form (38) with H replaced byH defined in Eq. (39) and the Newton's constant, G, replaced byG eff defined in Eq. (40) . Eq. (38) is very useful to calculate the integral solutions of growing and decaying modes i.e., Eqs. (43) and (44) (for details of this calculation see Appendix B). The evolution equation for the second order density contrast (Eq. (49)) is same as the first order except one source term S δ (Eq. (50)). The solution of Eq. (49) can be written in terms of the first order growing and decaying modes (Eq. (63)). The kernel of the second order perturbation, F 2 , is also written with the help of growing and decaying modes which reduces to the E-dS kernel at some limit.
Next we investigated matter power spectrum and bispectrum. The power spectrum is normalized in the past by considering the best fit value of σ 8 (z) at present from the current observation [3] , i.e., σ 8 (z = 0) = 0.8159 for ΛCDM. The power spectrum changes for different β. As β increases power spectrum gets enhanced (see Fig. 4 ). So the study of the power spectrum can tell us about the allowed values of β. We used RSD data to compare the effects of different values of β by calculating f σ 8 (z). The comparison is depicted in Fig. 5 , from which we can see that as we increase the values of β it is more probable for the β to be excluded by the RSD data. Finally we studied the matter bispectrum. The reduced bispectrum, for two different combinations of k and k ′ , is plotted in Fig. 6 and the dependence on β is very small. In this study we did not do the full statistical analysis to obtain the bound on β, which we expect to do in future.
In summary, in this paper, we studied the effect of the conformal coupling at the perturbation level in a tracker scalar field model with a cubic Galileon correction term. Here we should mention that the effects we can observe in Figs. 4 and 5 are from both the conformal coupling and the cubic Galileon term. This means that if we put α = 0, i.e., without cubic Galileon term, the standard tracker scalar field may not exactly reproduce the same effect with different values of β. In other words, for the same β the scenario under consideration has different effects than the standard tracker scalar field. But these effects are not significant and within the 1σ error bars of f σ 8 data. In future, if we get more precise data then it may be possible to distinguish between the LMG and the standard tracker scalar field. 
In subhorizon approximation and for the linear perturbation
To Calculate the growing and decaying modes we shall consider the conventional normalization where we take D + (a) ∼ a and D − (a) ∼ H/a ∼ a −3/2 during the matter dominated era where the effect of the dark energy is negligible. During matter domination if we impose D 1 (a) = D + (a) = a, then we obtain , (B16)
whereã m is the value ofã at some initial time τ m (or a m ) during the matter domination and φ m = φ(τ m ).
Eq. (B15) sets the initial condition for the Eq. (B7) during the matter dominated era. The minimal case i.e., β = 0 givesã = a and g(a) = −7/(2a) and γ(a) = (a/a m ) 7/4 [56] . Now to normalize the decaying mode we need to perform the integration ã am dã ′ /γ 2 (ã ′ ) during the matter dominated era. To do this we shall consider an approximation. Since during matter domination the scalar field is subdominant we consider the value of the term e 
